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ndicators of lettuce quality include color, texture, flavor, and other attributes, many of which may be infl uenced by abiotic and biotic factors (Kader et al., 1973; Simonne et al., 2002) . Color, specifi cally green as related to chlorophyll and red as related to anthocyanin, is particularly important to lettuce crop quality (Hodges et al., 2000; Ryder, 1999) . The amounts and distribution of chlorophyll and anthocyanin in lettuce are strongly infl uenced by genetics (Lindqvist, 1960a (Lindqvist, , 1960b (Lindqvist, , 1960c Ryder, 1999) . However, while anthocyanins are found in nearly all plants at some stage, they are among the least understood of plant metabolites (Chalker-Scott, 1999) .
Light and temperature are also thought to impact anthocyanin synthesis (Katz and Weiss, 1999; Moscovici et al., 1996; Shvarts et al., 1997) , although knowledge of their influence in lettuce appears to be less advanced than for other crops. Anthocyanin concentrations were affected by light wavelength (Katz and Weiss, 1999; Krizek et al., 1998; Oren-Shamir and Nissim, 1999) in several species. Increases in anthocyanin at lower temperatures have also been reported for apple (Malus ×domestica) and peach (Prunus persica) shoots (Leng et al., 2000) and suspension-cultured strawberry (Fragaria ×ananassa) (Zhang et al., 1997) . Working with petunia (Petunia hybrida), Shvarts et al. (1997) suggested that moderate to low temperatures act as a specific, separate signal in the regulation of gene expression governing anthocyanin biosynthesis. Interestingly, Oren-Shamir and Nissim (1999) reported that low temperatures affected fraser photinia (Photinia ×fraseri) pigmentation only when coupled with ultraviolet light. Additional information regarding the influence of environmental factors on anthocyanin concentrations is available for apple (Arakawa, 1988; Merzlyak and Chivkunova, 2000; Reay and Lancaster, 2001) , cabbage (Brassica oleracea Capitata Group) (Hrazdina and Creasy, 1979) , grape (Vitis spp.) (Motosugi et al., 1995; RoubelakisAngelakis and Kliewer, 1986) , marigold (Tagetes patula) (Armitage and Carlson, 1981) , sweet cherry (Prunus avium) (Arakawa, 1993) , and other crops. Comparatively less information is available regarding the interaction of genetics, light intensity, and growing temperature on the level of major pigments, including anthocyanins, in lettuce. A better understanding of these factors would assist growers in achieving optimal lettuce leaf coloration. Our objective was to document pigment concentrations at three stages of development in four varieties of lettuce exposed to contrasting light and temperature treatments. . Sample dates corresponded with potential market stages of baby, midhead, and mature lettuce. Samples were collected from different plants at each sampling; however, plants from which tissue was collected remained in place until the study was completed to minimize changes resulting from shifts in plant population and light distribution. Leaf number 2, 6, or 8 from the outside of the whorl was detached at growth stages 1, 2, and 3, respectively. Detached leaves were folded once along and then across the midrib. Then, a total of 20 5-mm (0.2-inch) disks were removed from within 7 to 10 mm (0.3 to 0.4 inches) of the leaf margin using a cork borer [Boekel Brass Plated Cork Borer (Fisher Scientifi c, Pittsburgh, Pa.)]. Two groups of 10 randomly selected disks each were placed in separate 1.5-mL graduated microcentrifuge tubes (Fisher Scientific) held on ice, weighed (40 to 120 mg), and transferred to dark, -20 °C (-4.0 °F) storage within 20 min of collection. Pigment extraction and measurement using accepted protocols began one month after the completion of sampling.
Materials and methods
To extract and measure pigments, Eppendorf tubes containing 10 frozen leaf disks were immersed in liquid nitrogen for 10 s. Leaf disks were immediately pulverized using a pre-cooled Eppendorf-pestle drill attachment (Gonnet and Fenet, 2000; OrenShamir and Nissim, 1999) . 1 mL of a 1% hydrochloric acid (HCl)/methanol (1:99 v/v) solution was immediately added to the sample tube which was then mechanically agitated for 2 s. Samples were incubated for 1 h in the dark at 4 °C (39.2 °F) with occasional agitation (Katz and Weiss, 1999; Krizek et al., 1998; Singh et al., 1999; Voipio and Autio, 1995) . After incubation, samples were centrifuged for 10 min at 2,000 g n [6,000 rpm in a Labnet minicentrifuge ( . Preliminary tests conducted using tissue from this study (data not shown) indicated that the wavelengths chosen are consistent with those resulting in absorption maxima for the pigments studied here and in previous reports (Adamse, 1989; Singh et al., 1999) . Leaf tissue pigment concentrations were calculated using sample absorbance values, tissue weight, and equations from standard curves depicting relationships between known pigment concentrations and absorbance. Standard curves were developed using solutions containing laboratory grade ChlA and ChlB (Sigma-Aldrich, St. Louis, Mo.) and cyanidin 3-glucoside chloride provided by Dr. Geza Hrazdina, Cornell University (Keller and Hrazdina, 1998; Hrazdina and Creasy, 1979) .
STATISTICAL ANALYSIS. Preliminary analysis revealed that treatment effects on pigment concentrations did not differ between replicates in time of Studies 1 and 2 (data not shown). Therefore, data from replicate studies conducted at the same temperature regimen were pooled and subjected to analysis of variance (ANOVA) to test main effects and interactions of variety (V), shading (S), and growth stage (GS) on pigment concentrations within each temperature regimen using Statistical Analysis System version 8e for Windows (SAS Institute, Cary, N.C.). Antho concentrations were signifi cantly affected by the V × S interaction (Table  1) . Therefore, Fisher's least signifi cant difference test ( = 0.01) was used to compare the effect of S on Antho concentration within each variety. Also, concentrations of ChlB and Antho tended to be signifi cantly affected by the S × GS interaction (Table 1) . Therefore, Fisher's least signifi cant difference test ( = 0.01) was used to compare the effect of S on ChlB and Antho concentrations at each growth stage.
Results and discussion
The results underscore evidence from the literature (Simonne et al., 2002) and anecdotal information from commercial lettuce produc- 
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ers that pigmentation in lettuce and other crops, particularly that related to red color, is influenced by genetic and environmental variables, acting alone or in combination. Compared to most interactions, the main effects of variety, shading and growth stage acted more strongly in influencing pigment concentrations in this study. An exception to this observation, the V × S interaction for Antho, was significant in both studies (temperature regimens) and, of the six interactions found to be significant (Table 1) , perhaps the most compelling. Shading reduced Antho concentrations 48% to 59% in 'Galactic', 'Rolina', and 'New Red Fire' (depending on temperature) but, curiously, tended to increase Antho concentrations 24% to 38% in 'Green Vision' (Fig. 1) . These results are consistent with those of Voipio and Autio (1995) who reported that anthocyanin concentrations in 'Red Salad Bowl', 'New Red Fire' and 'Sesam' lettuce were increased by exposure to high light intensity. They are also consistent with other reports (Voipio, 1992; Voipio and Autio, 1991) and commercial experience in which some red-leaved varieties appeared to be more prone to natural low light intensity-induced bleaching of red color during greenhouse lettuce production in Ohio (L. Smucker, personal communication) and elsewhere. Finally, shading-induced reductions in Antho concentration in this study led shaded plants of red-leaved varieties to be less intense in color (Fig. 2) , in contrast to the effect noted for 'Green Vision'. Therefore, shading effects on Antho concentrations appear to be driven by the variety or genotype involved.
Though significant, V × GS and S × GS interactions (Figs. 3 and 4) were minor relative to variety, shading or growth stage main effects (Table 1) . On average, ChlA concentrations at 9 DAT exceeded ChlA concentrations at 23 DAT by 24% in plants grown at 30 °C D/N (Table 2) . Also, ChlB concentrations at 9 DAT exceeded ChlB concentrations at 23 DAT by 32% in plants grown at 30/18 °C D/N. Interestingly, Antho concentrations were unaffected by growth stage, regardless of study (Table 2 ). For commercial and some scientific systems, these trends may be more important than the potential changes in pigment concentration with age in specific varieties. Likewise, the absolute effect of growth stage on ChlA and ChlB in plants grown in Study 1 depended on shade treatment, although it is clear that ChlA and ChlB concentrations were lowest at 23 DAT, regardless of shade treatment (Fig. 4) . Just as important, shading did not influence ChlA or ChlB concentrations in either temperature regimen (Table 2) , again, pointing more directly to the main effects of variety and growth stage.
Quantitative data for pigment concentrations clarified what was apparent to the unaided eye-namely, that the relative amounts of green and red color varied among the lettuce varieties studied. The four commercial varieties used in this study represented a range of leaf coloration from uniformly green ('Green Vision') to uniformly red ('Galactic'). Similarly, pigment concentrations (especially Antho) varied among varieties (Table 2) . In Study 1, ChlA and ChlB concentrations were signifi cantly greater in 'Green Vision' than 'New Red Fire' or 'Rolina' but not 'Galactic' (Table  2) . Among plants grown at 30/18 , concentrations of ChlA and ChlB were highest in 'Green Vision', with similar concentrations among the remaining varieties. 'Galactic' possessed the highest concentrations of Antho in both studies. However, it is interesting to note that 'Galactic' also had relatively high concentrations of ChlA at both temperatures and ChlB at 30 °C D/N while Antho concentrations were lowest in 'Green Vision' at both temperatures. In fact, in general, relatively fewer differences were found among varieties in ChlA and ChlB than for Antho. This is consistent with the status of anthocyanins as secondary pigments (Harborne, 1992) .
Although temperature effects on pigment concentrations were not directly studied here, interesting and consistent trends were observed, with results similar to other reports (Leng et al., 2000; Shvarts et al., 1997; Zhang et al., 1997) trations within and among varieties differed with study. For example, the mean ChlA concentration in 'Green Vision' and Antho concentrations in 'Galactic' were 32% and 22% greater in Study 2 than in Study 1, respectively (Table 2) . Likewise, the range of pigment concentration among the four varieties was 22% to 33% greater in Study 1 than in Study 2.
Additional verifi cation of effects reported here would benefi t small-moderate scale greenhouse lettuce production in temperate regions prone to periods of low light and temperatures during growth. Additional data would assist Table 2 in identifying genotype-management combinations or selecting between investments in light or temperature regulation equipment in order to achieve target levels of red coloration, an important criterion of lettuce crop and product quality. In this regard, reports on the genetic control of red pigmentation in lettuce (Ryder, 1999; Simonne et al., 2002) help describe the separate and combined effects of genetics and environment on pigment concentrations in lettuce more completely. Likewise, ongoing studies by this group and its cooperators employ a unique collection of strongly-related, red-colored genotypes varying primarily in genes thought to influence anthocyanin production. These genotypes have also been used in studies exploring the effect of greenhouse fi lms and other factors on anthocyanin concentrations (Benoit, 1997; Benoit and Ceustermans, 1997; Benoit and Ceustermans, 1999) . 
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